Background During the mid-1990s when our institution was using a press-fit porous-coated cup without supplemental initial fixation for primary THA, the manufacturer transitioned from gamma irradiation to gas plasma for the terminal sterilization of their polyethylene liners. Questions/purposes At minimum 10-year followup, we asked whether the fixation achieved by solely relying on a press-fit would be durable and how different liner sterilization methods affected radiographic wear, osteolysis, and survivorship. Patients and Methods We retrospectively reviewed 373 patients who underwent 398 primary THAs with a press-fit porous-coated cup between March 1995 and December 1996. Mean age at time of surgery was 61.5 ± 13.3 years and mean followup was 10.4 ± 3.7 years. We determined reasons for revision, survivorship, femoral head penetration, osteolysis, and wear-related complications. Results Among 20 revisions involving any component, seven were associated with wear and osteolysis. KaplanMeier survivorship, using component revision for any reason as an end point, was 95.7% (95% confidence interval, 93.6%-97.9%) at 10 years. Noncrosslinked liners sterilized with gas plasma demonstrated a mean head penetration rate of 0.20 ± 0.09 mm/year compared with 0.13 ± 0.07 mm/year for liners sterilized with gamma irradiation in air and 0.09 ± 0.04 mm/year for liners sterilized with gamma-irradiation with barrier packaging without oxygen. THAs with increased volumetric wear tended to demonstrate larger osteolytic lesions (r = 0.40) and there tended to be less osteolysis among the liners sterilized with gamma-irradiation with barrier packaging without oxygen. However, there was no difference in survivorship among the sterilization groups and there has been no cup or stem loosening associated with osteolysis.
Introduction
Among THA components that rely on polymethylmethacrylate bone cement for implant fixation, implant failure is often attributed to mechanisms that involve the cement [17, 26, 43] . Cementless components were introduced with the ambition of achieving biologic implant fixation and eliminating cement-related failure modes [11] . To achieve biologic fixation via bone ingrowth or ongrowth, minimizing the relative motion between the implant surface and host bone is essential [12, 15] . Among first-generation hemispheric porous-coated cups that became available in the 1980s, intraoperative fixation with screws or spikes was often used to achieve initial stability [13] . However, holes for screws create potential pathways for osteolysis [4] . Screws can also break and their usage introduces the potential for other clinical complications such as vascular injury, nerve damage, and postoperative tendonitis [1, 30, 42] . Spikes can make it more difficult to seat the cup, potentially reducing the surface area of the shell in apposition to host bone and available for biologic fixation [13] . In the event that a cup needs to be revised, the presence of screws or spikes can complicate removal of the shell. With the ambition of eliminating the use of spikes and screws for initial fixation, we began to use press-fit Duraloc 1 cups (DePuy Orthopaedics Inc, Warsaw, IN, USA) without supplemental fixation in the early 1990s. These cups featured a rough porous surface for bone ingrowth that was achieved by sintered beads on the titanium-alloy shell. A modular polyethylene liner was locked into the shell by a removable wire locking ring that engaged opposing grooves machined into the liner and the inside of a metal shell. With the ambition of reducing volumetric wear during the period when these THAs were performed, we preferred to use a 28-mm femoral head. On the femoral side, our institutional preference was to use the DePuy Anatomic Medullary Locking (AML 1 ) or Prodigy 1 femoral components. Both of these stem designs had a cylindrical distal geometry with a porous coating consisting of sintered beads over at least 2/3 of the stem length (''extensively coated'').
Until the mid-1990s, gamma irradiation in air was a common method for terminally sterilizing implant components [18] . While gamma irradiation can result in increased polyethylene crosslinking, which reportedly decreases wear, it can also result in free radicals [32] . These free radicals are susceptible to oxidation either on the shelf or in vivo and the accumulation of oxidative degradation can lead to increased wear and failure of the polyethylene [31, 34] . With the ambition of mitigating the potential for oxidation, several implant manufacturers eliminated terminal sterilization with gamma irradiation in air during the mid-1990s, opting for gamma irradiation in an oxygen-free environment or using a chemical surface treatment that would not create free radicals. Although gamma irradiation in an inert environment should eliminate the possibility of oxidation before implantation, in vivo oxidation of residual free radicals remains a possibility [33] . Chemical surface treatments such as gas plasma do not induce any polyethylene crosslinking or generate free radicals [5] .
To determine the consequences of eliminating supplemental initial fixation and changing polyethylene sterilization techniques, we asked (1) whether the fixation achieved by solely relying on a press-fit would be durable; and (2) whether the newer liner sterilization methods decreased radiographic wear, reduced osteolysis and related complications, or improved survivorship.
Patients and Methods
We retrospectively reviewed 373 patients who had 398 primary THAs using Duraloc 1 100 cups coupled with Prodigy 1 or AML 1 stems between March 1, 1995, and December 31, 1996. The components were sterilized using one of three methods: gamma irradiation in air (gamma-air), gamma irradiation with barrier packaging without oxygen (gamma-barrier), and gas plasma. This cohort represented 90% (398 of 440) of all primary THAs performed by two surgeons (CAE, CAEJr) at our institution during this time. The indications for these implants included the ability to restore the hip center and reconstruct hip biomechanics based on preoperative templating. Contraindications included an acetabulum outside the range of implants sizes available in the Duraloc 1 system, inability to obtain initial bone prosthesis stability without additional fixation, and inability to obtain a stable hip based on intraoperative ROM testing. The surgical technique involved preparing the acetabulum with reamers to a hemispheric shape undersized by 1 to 2 mm relative to the diameter of the cup. The cup was impacted into the acetabulum to achieve a press-fit without any supplemental fixation using a driving rod that threaded into a central dome hole. With the driving rod removed, seating of the shell against the acetabulum could be visualized through the dome hole. On the femoral side, initial fixation was achieved by press-fitting the stem so that a scratch fit was achieved between the inner diaphyseal cortices of the femur. For the entire cohort of 398 THAs, the mean (± SD) patient age at the time of surgery was 61.5 ± 13.3 years (range, 22-88 years) and 74% of the patients had osteoarthritis as their primary diagnosis ( Table 1) .
All data used for this study were collected as part of routine care and reviewed retrospectively. For the patients included in this study, clinical evaluations with radiographs were recommended every 2 to 3 years as part of long-term followup. Patients who could not have clinical followup were contacted by telephone to inquire about any revision surgeries or other complications related to their THA. Of the 398 hips comprising the series for this report, 20 THAs among 19 patients have undergone a component revision and 81 patients with 85 unrevised THAs died with less than 10 years of followup. Minimum 10-year radiographs were available for 185 THAs with a mean followup of 12.3 ± 0.8 years (range, 10.1-14.4 years). Whether a revision had occurred at minimum 10-year followup was known for an additional 76 THAs with a mean followup of 12.5 ± 0.7 years (range, 10.9-13.9 years). Minimum 10-year followup of any type was not available for 32 THAs among 28 patients who were not known to be revised or deceased. The mean followup for these THAs was 3.3 ± 3.1 years (range, 0-9.3 years). The mean followup for all 398 THAs was 10.4 ± 3.7 years.
To evaluate fixation durability, we identified the reasons for component revision, calculated survivorship, assessed component stability radiographically, evaluated periprosthetic osteolysis, and recorded osteolysis-related complications. Assessments of wear and osteolysis were limited to the 185 THAs with minimum 10-year radiographs. Radiographs were analyzed by an independent reviewer (CCP) to evaluate implant stability, osteolysis, and other complications. Cups were classified as stable, fibrous fixed, or loose while stems were categorized as bone ingrown, fibrous fixed, or loose. In the absence of radiographic evidence of bone ingrowth, a component was considered fibrous fixed if it demonstrated a continuous radiolucent line at the bone-implant interface and loose if it demonstrated more than 2 mm or 5°of migration on the most recent followup radiograph relative to the immediate postoperative radiograph [14, 29] . Osteolytic lesions were defined as expansile regions of bone loss that did not exist on the immediate postoperative radiograph [16, 43] . Iliac oblique radiographs routinely obtained during followup were used to help interpret findings of osteolysis on the AP pelvic radiographs. The area of each lesion on the AP pelvic radiograph was measured using Martell's software ( Fig. 1) . Lesions measuring at least 1.5 cm 2 were considered clinically important and lesions with an area of 5 cm 2 were considered large. The locations of femoral osteolytic lesions were classified according to the zones described by Gruen et al. [17] and the pelvic locations were classified according to the regions defined by DeLee and Charnley [6] . Pelvic lesions in Zones 1 and 3 of DeLee and Charnley were considered rim lesions while those in Zone 2 were considered dome lesions. Femoral head penetration was measured by a single reviewer (SEB) from AP pelvic radiographs taken while the patients were supine with their legs internally rotated using Martell's Hip Analysis Suite Version 8 (University of Chicago Medical Center, Chicago, IL, USA) that incorporates elliptical correction [22, 28] . Using a paired-film analysis, the head penetration vector was determined by comparing the immediate postoperative radiograph with a minimum 10-year followup radiograph. A head penetration rate was computed by dividing the magnitude of the head penetration vector by the followup duration. Total volumetric wear corresponding to the head penetration vector was computed by the software. Kaplan-Meier survivorship [25] for the entire implant, cup, and stem was calculated using revision for any reason as an end point. Cup and stem survivorship were also calculated using revision for aseptic loosening as an end point. For these analyses, all 398 THAs were included and cases not known to be revised were censored at the time of their last followup. Kaplan-Meier survivorship for the different sterilization groups was also calculated using wear-related revision of any component as an end point and compared using a logrank test. To check for differences among the sterilization groups for the 185 unrevised hips with minimum 10-year radiographic followup, we evaluated age at surgery and duration of radiographic followup using a Kruskal-Wallis test and sex using a Pearson chi square test. Differences in the incidence of osteolysis and osteolysis-related radiographic complications among the sterilization groups were evaluated using a Pearson chi square test. Differences in linear head penetration rates and volumetric wear were evaluated using a Kruskal-Wallis test. Among those hips with osteolysis, differences in lesion sizes were also evaluated using a KruskalWallis test. All statistical analyses were performed using SPSS 1 (SPSS Inc, Chicago, IL, USA).
Results
We identified 20 THAs that had undergone component revisions ( (Fig. 2) . Since 16 of the component revisions were limited to liner exchanges, cup survivorship was 99.2% (95% CI, 98.3%-100%) at 10 years using revision for any reason as an end point. Because only one femoral component was removed during a complete revision for infection, stem survivorship at 10 years using revision for any reason as an end point was 99.7% (95% CI, 99.2%-100%). Since no component has been revised for loosening and none of the primary THA components retained during a revision surgery subsequently loosened, cup and stem survivorship, using revision for aseptic loosening as an end point, were both 100% at 10 years. Among 185 unrevised THAs with minimum 10-year radiographs (mean, 12.3 ± 0.8 years; range, 10.1-14.4 years), none of the cups were graded as definitely loose or fibrous stable. Among the stems, 184 were bone ingrown and one was loose. Osteolysis was noted among 48% (89 of 185) of the THAs, and the mean combined size of the pelvic and femoral lesions in these hips was 2.9 ± 3.6 cm 2 (range, 0.04-15.1 cm 2 ) (Table 3 ). Considered separately, the incidence of osteolysis was 31% (57 of 185) for the pelvis and 31% (58 of 185) for the femur. Pelvic osteolysis was confined to DeLee and Charnley Zone 2 behind the dome hole in 44% (25 of 57) of the THAs, limited to Zone 1 and/or Zone 3 around the rim in 12% (seven of 57), and involved the zones adjacent to both the dome and rim in 44% (25 of 57) of THAs. No fractures of the pelvis related to osteolysis were observed, but fractures of the greater trochanter associated with osteolytic lesions were noted among six THAs. Three of these six fractures were diagnosed acutely at 8.9, 9.1, and 12.8-year followup. The other three fractures were recognized on routine followup radiographs obtained at 12.5, 12.9, and 13.5-year followup, but the actual date of fracture is unknown.
The mean linear head penetration rate among unrevised THAs with minimum 10-year followup was 0.15 ± 0.08 mm/year (range, 0.01-0.41 mm/year). There were no differences in patient sex (p = 0.48) or age at surgery (p = 0.70) among the liners sterilized by different methods, but the radiographic followup was modestly longer (p = 0.01) for the gamma-barrier liners compared to the gamma-air and gas plasma liners. Although there were no differences in head penetration rates (0.16 ± 0.08 mm/ year for higher crystallinity Hylamer TM versus 0.14 ± 0.08 mm/year for conventional Enduron TM , p = 0.36) or volumetric wear (0.97 ± 0.57 cm 3 for Hylamer TM versus 0.88 ± 0.61 cm 3 for Enduron TM , p = 0.33) between the liner materials, there were differences in these measures of wear among all three sterilization methods (Table 3) . Gas plasma liners, with a mean rate of 0.20 ± 0.09 mm/year, had the highest penetration rates (p \ 0.001). Among the radiation-sterilized liners, gamma-barrier components had a lower (p = 0.01) head penetration rate than gamma-air components (0.09 ± 0.04 versus 0.13 ± 0.07 mm/year). Although there was considerable variation in osteolytic lesion sizes among THAs with higher volumetric wear (Fig. 3) , hips with gamma-barrier liners tended to have a reduced incidence of osteolysis and smaller lesion sizes compared to the other sterilization methods, but these differences were not significant with the numbers available ( Table 3) . Four of the osteolysis-related greater trochanteric fractures occurred among the hips with gamma-air liners, two among the hips with gas plasma liners, and none among the hips with gamma-barrier liners (p = 0.47). Survivorship among sterilization groups at 12-year followup using wear-related revision of any component as an end point was 96.9% ± 3.0% for gamma-air, 98.1% ± 3.7% for gamma-barrier, and 99.0 ± 1.9% for gas plasma (p = 0.56).
Discussion
During the mid-1990s when we were using a DePuy pressfit porous-coated cup without supplemental initial fixation combined with an extensively porous-coated stem for primary THA, the manufacturer transitioned from gamma * Denotes revisions associated with wear; gamma-air = gamma irradiation in air; gamma-barrier = gamma irradiation with barrier packaging without oxygen. irradiation to gas plasma for the terminal sterilization of their polyethylene liners. Although the elimination of gamma irradiation eliminated the generation of free radicals during the sterilization process, it also eliminated a source for polyethylene crosslinking. As a consequence, we transitioned from using mildly crosslinked polyethylene with residual free radicals to using noncrosslinked polyethylene without any radiation-induced free radicals. At minimum 10-year followup, we asked whether the fixation achieved by solely relying on a press-fit would be durable and how the different liner sterilization methods affected radiographic wear, osteolysis, and survivorship. This retrospective cohort study has several limitations. First, the two surgeons whose cases we reviewed did not treat all their patients with Duraloc 1 100 cups combined with extensively porous-coated stems. The series we are reporting on represents 90% (398 of 440) of the primary THAs performed over a 22-month period. Second, whether or not a revision has been performed by 10-year followup is unknown for 8% (32 of 398) of the THAs in this series. These 32 THAs are included in our survivorship analyses and censored at the time of their last known followup so that they add to the uncertainty by increasing the magnitude of the 95% CIs. Third, radiographs were available for only 63% (185 of 293) of the unrevised THAs among living patients eligible for 10-year followup. Although our radiographic followup is incomplete, patient sex and age at surgery among the sterilization groups are not different (Table 3 ) so we believe comparisons among the groups are valid. We acknowledge the duration of followup was modestly longer for the gamma-barrier liners, but this group had the lowest incidence of osteolysis and wear-related complications. Fourth, the method used to sterilize the polyethylene liners was not explicitly randomized among the patients in our study population. However, we have no reason to suspect there was any surgeon preference for using liners with different sterilization methods since the physicians used the available inventory and did not select the sterilization method based on patient, implant, or surgical considerations.
Our results are consistent with previous reports describing the outcome of press-fit cups implanted without supplemental fixation [41] . With the exception of early radiographic outcome data from a single institution [39] , the Duraloc 1 100 cup has consistently demonstrated excellent fixation. Including the data from our study and three other clinical outcome series with 5-to 10-year followup, only one case of aseptic loosening has been reported among more than 700 Duraloc 1 100 cups [2, 36, 38] . In our study, the absence of cup loosening, despite a 31% (57 of 185) incidence of pelvis osteolysis, may be explained by a previous finding that the surface area of the cup occupied by osteolysis plateaued at 40% despite progressively increasing lesions sizes [8] . As this prior research has demonstrated, when pelvic osteolytic lesions originate in DeLee and Charnley Zone 2 behind the dome hole, as they did among the majority of hips in our series, these lesions can expand into periacetabular trabecular bone without compromising the fixation achieved around the rim of the cup. Since other cementless cups that rely on bone ongrowth for fixation have demonstrated high rates of revision for osteolysis and loosening in conjunction with wear rates comparable to what we found in this study [10] , we also attribute the durability of fixation in our series to the ingrowth achieved with the rough, three-dimensional porous-coated surface of the Duraloc 1 100 cup. On the femoral side, our results are consistent with other studies demonstrating excellent fixation of the AML 1 and Prodigy 1 stems at minimum 10-year followup [16, 19] . Fracture of the greater trochanter associated with osteolysis was our most common femoral complication. Including the three fractures among the 20 revised THAs and the six fractures associated with lysis among the 185 THAs with minimum 10-year radiographs, the incidence was 4.4% (nine of 205) in our series, which is similar to the 4.3% rate reported in a previous study [3] . We presume these fractures may be due to the combination of osteolysis and the use of a straight-stemmed prosthesis that requires a larger entry hole through the greater trochanter.
Confirming studies with shorter followup [7, 21] , we found the method of polyethylene sterilization can have a profound influence on wear. Noncrosslinked gas plasma liners had head penetration rates about twice those of liners moderately crosslinked by terminal sterilization with gamma irradiation. Among the irradiated liners, we also found gamma-barrier liners had lower head penetration rates than gamma-air liners [18, 20] . Consistent with other reports measuring wear and osteolysis, we found osteolytic lesion size was correlated with the amount of wear and the gamma-barrier liners with the lowest wear rates tended to have less osteolysis, but there can be considerable variation in the amount of osteolysis among individual patients with higher wear rates regardless of the polyethylene sterilization method [9, 23, 24, 27, 35, 37] . Although the gas plasma liners had higher wear rates than the gamma-air liners, the incidence and size of the osteolytic lesions for both groups were similar (Table 3) . With the trend toward reduced osteolysis associated with the gamma-barrier liners, we conclude the potential liability associated with oxidation of residual free radicals in vivo is outweighed by the decreased wear resulting from crosslinking associated with gamma irradiation, at least through 10-year followup.
Although we found a relatively high mean head penetration rate of 0.15 mm/year in this series, the combination of a press-fit Duraloc 1 100 cup without supplemental fixation and an extensively porous-coated stem demonstrated durable implant fixation even in the presence of osteolysis [40] and a low revision rate with 95.7% survivorship at 10-year followup using component revision for any reason as an end point. We conclude supplemental initial fixation is not required with a press-fit porous-coated cup [36] . Despite a similar incidence of osteolysis in the pelvis and femur, pathologic fractures have only occurred on the femoral side. While we have not observed any osteolysis-related component loosening to date, continued followup will be required to assess the long-term effects of osteolysis on component fixation, particularly in view of the relatively high head penetration rates we observed. Longer followup will also be required to determine whether the differences in wear among the liner sterilization methods will eventually lead to differences in implant survivorship or the incidence of wearrelated complications.
